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httpStereotactic endovascular aortic navigation with
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Fred A. Weaver, MD, MMM,b Los Angeles, Calif
Background: Endovascular aortic procedures have been developed to treat many aortic diseases effectively. However, these
procedures are also becoming increasingly complex given the development of branchedor fenestrated endografts. Part of the
difﬁculty lies in the limitations of current imaging paradigms. A more intuitive, three-dimensional (3D) mode of intra-
operative imaging is desirable to accommodate the future progression of endovascular techniques. This article describes
a novel endovascular catheter tracking device that uses ultrasonic signals, not ultrasound imaging. The tracking device
displays real-time in vivo location on previously acquired 3D computed tomography (CT) images in an intuitive, endolu-
minal view. This system was tested in two swine and validated against ﬂuoroscopy and by delivering stent grafts.
Methods: The ultrasonic-based localization system (ULS) provides real-time location information of a modiﬁed endo-
vascular catheter and displays this location on preoperative 3D CT images. The 9F endovascular catheter has a small
ultrasonic transmitter attached to its tip to signal its location to the ULS. Subsequent endovascular deployment of an
aortic stent was carried out using only the ULS to target the stent placement position in the aorta of Yorkshire swine.
System accuracy was measured against concurrent angiography as well as to deployed stents in situ.
Results: We successfully displayed the endovascular catheter tip location in real time along the registered CT aortic images,
providing virtual endoluminal tracking. The relative accuracy of the ULS as compared with angiography for catheter
movements in the abdominal aorta was found to have amean error less than 1mm. TheULS coordinates trackedwithin the
lumen of the aortic image 98% of the time, as deﬁned by the proportion of points within one radius distance of the aortic
image centerline. Finally, three aortic stents were deployed using the ULS virtual image display to locate the target position
in the aorta for stent deployment. Errors between target position and actual stent position ranged fromL5.0 toD7.9 mm.
Conclusions: This study demonstrates the feasibility of virtual image-guided endovascular aortic navigation using a ULS.
This provides a 3D platform for virtual navigation on preoperative CT scan images during endovascular procedures that
could assist in stent deployment as well as minimize or eliminate the need for procedural ionizing radiation and iodinated
contrast. Future work will focus on miniaturization and reﬁnements in accuracy that will be required to translate this
technology into clinical application in endovascular procedures. (J Vasc Surg 2013;57:1637-44.)
Clinical Relevance: Ionizing radiation exposure is a concern for patients with aortic pathology who require serial computed
tomography scans and angiography for treatment. This patient population has a high incidence of renal dysfunction, which
may be aggravated by iodinated contrast. Ionizing radiation and contrast exposure will only increase with the increasing
complexityof aortic endovascularprocedures. Furthermore, endovascular aortic procedures are limitedby the two-dimensional
imaging capabilities of ﬂuoroscopy and angiography. A real-time three-dimensional catheter localization system can help
integrate high-ﬁdelity preoperative computed tomography images with the intraoperative workﬂow. Combined with
three-dimensional surface rendering of the vasculature, the system can display the catheter’s location and movement on an
intuitive, virtual endoluminal view. This system relies on ultrasonic signaling, thereby eliminating the issues with metal
interference that occur with electromagnetic-based localization systems currently in use for skull-based and spine surgery.the Department of Biomedical Engineering, Viterbi School of
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://dx.doi.org/10.1016/j.jvs.2012.09.078Endovascular therapy has become the ﬁrst-line treatment
for many common vascular problems such as abdominal
aortic aneurysms (AAAs) and symptomatic peripheral arterial
disease. The shift to endovascular therapy has been particu-
larly dramatic for aortic interventions. Current literature
documents that perioperative morbidity and mortality are
consistently lower for endovascular aortic repair for AAAs
than for open surgery.1 Such promising patient outcomes
have encouraged surgeons to push the technical envelope in
the development and application of branch or fenestrated
endografts for more complicated aortic pathology.
Imaging technology allows real-time endoluminal navi-
gation of vascular structures and is essential to the perfor-
mance of any endovascular procedure. The primary
imaging modality for endovascular surgery is ﬂuoroscopic1637
Fig 1. Volume rendering of aorta obtained from computed
tomography (CT) angiography. Blue line indicates aorta centerline.
Arrows and insets indicate position and orientation of corresponding
virtual endoluminal views at: Top left, Superior right renal artery;
right, inferior left renal artery; bottom left, illiac bifurfaction.
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images taken at speciﬁc angles to guide the intervention.
Preoperative surgical planning for most aortic interventions
relies not on 2D ﬂuoroscopy angiography, but on computed
tomography (CT) angiography with three-dimensional
(3D) reconstruction. Recent papers in both the scientiﬁc
and lay press have voiced concern about ionizing radiation
exposure received by patients during CT and ﬂuoroscopic
angiography.2,3 This is of particular concern for patients
with aortic pathology who may receive multiple CT scans
and angiograms during endovascular diagnosis and treat-
ment. Furthermore, this patient population has a high inci-
dence of renal dysfunction, which may be aggravated by the
repetitive doses of iodinated contrast required for image
acquisition.4 The increasing complexity of aortic endovascu-
lar procedures will most likely increase procedural and long-
term exposure to ionizing radiation and iodinated contrast.
There has been interest in developing alternative or
adjunctive means of ﬂuoroscopy for endovascular proce-
dures. Several groups have studied intravascular ultrasound
imaging (IVUS) to guide endovascular aortic repair. An
initial study with 80 patients showed that IVUS reduced
X-ray exposure by 16 minutes and contrast load by 190
mL.5,6 Surgeons could identify the desired stent graft landing
zones by evaluating the IVUS 2D luminal cross-section
images, showing that IVUS can be a potentially valuable
adjunct. However, in tortuous vasculature, this information
is of limited navigational utility without intuitive, global posi-
tion information. Another preclinical report used near–real-
time magnetic resonance imaging guidance to deploy stents
in porcine models. This provided an average stent deploy-
ment accuracy of 7.8 mm for ﬁve swine7; however, the
authors acknowledged that a 5- to 10-second image refresh
rate and magnetic resonance imaging compatibility stand in
the way of clinical adoption.
Several groups have used ultrasound imaging in conjunc-
tion with a catheter-mounted transducer for locating inter-
ventional devices. This was ﬁrst reported in 1984, and
various groups have followed.8-11 All groups required a tradi-
tional ultrasound imaging scanner in addition to specialized
transducer hardware. Furthermore, these studies displayed
the catheter on ultrasound images, which depend on oper-
ator skill and do not yield the intuitive visualization capability
of CT images.
We have developed a 3D real-time ultrasonic-based
localization system (ULS) that has the ability to track endo-
vascular tools in real time on preoperative 3D CT images
and volume renderings. The ULS uses ultrasonic signals,
not ultrasound imaging. We previously reported on the
ULS in a water phantom and its compatibility with
common endovascular stent graft material.12,13 This article
details further system developments and initial ﬁndings
from applying the ULS to deploy stents in Yorkshire swine
aortas. The relative accuracy of the ULS is validated against
single-plane ﬂuoroscopy. We also validate the system by
comparing the tracked coordinates with the aorta CT image
centerline and measuring distances between the deployed
stent and desired aorta target location.METHODS
Ultrasound navigation system D Alpha Cradle
retroperitoneal approach array. The ULS, developed at
our institution,12 consists of a 9F endovascular catheter
with a tip-mounted ultrasound transmitter that propagates
ultrasound energy outward, where it is received by an
external array of sensors placed against the body surface. By
measuring the time of ﬂight for the ultrasound energy to
propagate between the ULS catheter and the sensors and
then performing trilateration, the ULS can report the 3D
position of the catheter tip 25 times per second, which
deems it as “real time.”The localization concept is similar to
automobile global positioning system devices. Instead of
satellites in the sky, external sensors are placed against the
skin surface with a custom-ﬁt cradle. Ultrasound gel pro-
vides acoustic coupling between the sensors and the skin
surface.We interfaced theULSwith 3D Slicer (Brigham and
Women’s Hospital, Boston, Mass), an open source research
software research platform for image-guided surgery using
OpenIGTLink (Brigham and Women’s Hospital).14,15 The
ULS is stereotactically registered with preoperative 3D CT
images on the 3D Slicer display. We used 3D Slicer to create
a model of the vasculature for virtual endoluminal naviga-
tion, similar to virtual colonoscopy (Fig 1).16
Two custom cradle/immobilizers were built to hold the
sensors in place against the swine posterior abdominal skin
surface for retroperitoneal acoustic access to the aorta. The
ﬁrst immobilizer was an initial prototype made from acrylic
panels that held the sensors in a 15  20-cm rectangle, at
30 from horizontal, pointed toward the abdominal aorta.
A second-generation immobilizer with similar sensor place-
ment was ﬁt to the second swine using a custom-modiﬁed
Alpha Cradle (Smithers Medical Products, North Canton,
Ohio) patient immobilizer (Fig 2). The rigid foam mold of
the Alpha Cradle was created in an adjustable wooden bed
with precision-drilled holes to hold the sensors in position.
The immobilizer was designed for reproducible swine posi-
tioning between the CT scan and surgery.
Fig 2. A, Wooden bed with custom-ﬁt Alpha Cradle immobilizer (blue bag) and ultrasound sensors in place. B,
Volume rendering computed tomography (CT) image of swine positioned within custom immobilizer. Immobilizer is
present but not visible in rendered image settings. Sensors were removed to prevent artifacts during image acquisition.
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formed, one each with a female Yorkshire pig weighing
80-90 pounds (Irish Farms, Shafter, Calif), in accordance
with Institutional Animal Care andUse Committee protocol
and approval. Animals were monitored at all times by a veter-
inarian and an anesthesia technologist. The day prior to the
endovascular procedure, animals were placed under sedation
for CT image acquisition. At the time of CT, electrocardio-
graph leads were placed on the animals to serve as ﬁducial
markers. The second pig was subject to the additional step
of custom immobilizer ﬁtting. Both pigs were imaged supine
with their respective immobilizers in place.
Preprocedural imaging. ASiemensBiograph (Malvern,
Pa) 64-slice CT scanner acquired arterial phase contrast
images, saved at 1-mm slice thickness. The images were
reviewed and rendered for analysis and planning (Fig 2, B).
Alignment, or registration, between the CT images and ULS
was achieved using the ﬁducial module in 3D Slicer to identify
CT image ﬁducial positions. Following CT imaging, the
animal was returned to the vivarium to recover from sedation.
The next morning, the animal was transported to the oper-
ating room, positioned in the immobilizer cradle, and placed
under general anesthesia with mechanical ventilation.
Interventions: Endovascular navigation, stent de-
ployment. Bilateral femoral or iliac artery access was
obtained via cut-down, and 10F introducer sheaths were
placed. TheULS catheterwas introduced into the abdominal
aorta through the access sheath. A pigtail catheter was also
introduced into the abdominal aorta for measurement. A
single-plane ﬁxedC-arm ﬂuoroscope with video data capture
was used.
Two endovascular tasks were performed. In the ﬁrst task,
the surgeon advanced the ULS catheter in 5-mm increments
for approximately 10 cm of movement inside the abdominal
aorta. The purpose of this task was to simulate catheter
manipulation in the abdominal aorta. A contrast aortogram
was ﬁrst obtained to identify the abdominal aortic segment
containing the renal and visceral vessels and to position theleading edge of the ULS catheter at the bottom of the angio-
graphic image.With theULS and cine ﬂuoroscopy capturing
data, the surgeon advanced theULS catheter in 5-mm incre-
ments in the aorta alongside the pigtail catheter at roughly
3-second intervals. The surgeon advanced the ULS catheter
until it reached the cephalad edge of the ﬂuoroscopic ﬁeld of
view. This procedure was repeated four times.
The second task was to evaluate the overall performance
of theULS toward a clinically relevant endpoint by deploying
a stent in the abdominal aorta using the ULS alone to guide
stent deployment. Two target deployment positions along
the abdominal aorta were chosen: aorta caudal to the right
renal artery and aorta caudal to the superior mesenteric
artery. Target positions were identiﬁed by advancing the
ULS catheter in the aorta to the predetermined target posi-
tion using only the ULS 3D CT slice and endoluminal
display. The shaft of the ULS catheter was then marked at
the junction of the catheter and the external vascular access
sheath, providing the physical length from the external
vascular access sheath to the target position. The ULS cath-
eter was then removed, and the length to the target position
was transferred to the stent delivery catheter (Gore Excluder,
Flagstaff, Ariz; Fig 3). The stent delivery catheter was intro-
duced through the vascular access sheath and advanced the
predetermined length. The stent was then deployed. This
preceding sequence was repeated for deployment of stents
at the additional target positions. The animals were eutha-
nized, and necropsy was performed with harvest en bloc of
the abdominal aorta. Photographs as well as measurements
were taken for direct visualization of the stent position rela-
tive to the target position in situ, prior to harvesting, to
prevent stent movement.
Outcome measure I: ULS vs ﬂuoroscopic tracking.
The objective in the ﬁrst outcomemeasure was to compare the
in vivo ULS tracking coordinates with coordinates obtained
from simultaneous cine ﬂuoroscopy. Our data was analyzed
as follows. Cine ﬂuoroscopy video was captured and digitized
with a USB-based video capture device and saved for ofﬂine
ULS Catheter 
Transmitter
Electronic connection to ultrasonic-
based localizer system (ULS)
Marker indicating junction of the catheter 
and external vascular access sheath
Marker transferred to stent delivery catheter
Undeployed stent graft Catheter injection ports
Fig 3. Target positions were identiﬁed by endoluminally advancing the ultrasonic-based localization system (ULS)
catheter to the predetermined target positions on the intraoperative three-dimensional (3D) computed tomography
(CT) display using the ULS. The shaft of the ULS catheter was then marked at the junction of the catheter and the
external vascular access sheath, providing the physical length from the external vascular access sheath to the target
position. The ULS catheter was then removed, and the length to the target position was then transferred to the stent
delivery catheter. Inset, Photograph of ULS catheter transmitter.
Fig 4. Screen shots from cine ﬂuoroscopy demonstrating catheter movement with time stamps in seconds for each
frame. Red x indicates ﬂuoroscopy-derived positioning used for comparison study. Pigtail catheter markings indicate
1-cm spacing. Final frame shows contrast angiography run.
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225 mm/pixel by measuring pixel distances between the
centimeter pigtail catheter markings on the captured ﬂuoros-
copy images. A customMatlab (Natick, Mass) script identiﬁed
the location of theULS catheter tip in each video frame to yield
ﬂuoroscopy-derived catheter tip coordinates (Fig 4). Because
the 2D cine ﬂuoroscopy yielded only 2D coordinates, the third
coordinate axis of theULS3Dpositiondatawas excluded from
this analysis, as it was orthogonal to the ﬂuoroscopic imaging
plane. To compare and calculate error between the two data
sets, the customMatlab script resampled and then alignedboth
data sets spatially and temporally byminimizing the Procrustes
analyses17 residual error. The results and error magnitude
between the two data sets are shown as traces in Fig 5 (also see
Table I).
Outcome measure II: Video playback and center-
line analysis. The objective in the second outcome measure
was to evaluate the performance of the ULS virtual catheter
display on the CT image. Fig 6 is a screenshot from a ULS
3D Slicer display, showing the volume-rendered CT data,aorta model, centerline, and tracked coordinates. Kidneys,
bones, and other anatomical structures are visible in this
display. The display shows that the tip of the ULS catheter
traveled from the superior mesenteric artery to approximately
5 cm caudal to the renal arteries. Ofﬂine, the aorta centerline
coordinates were exported for comparison to captured ULS
coordinates (Fig 7). A composite video with annotated cine
ﬂuoroscopy along with the simultaneous ULS 3D Slicer
display showing the ULS catheter movement is available
(Video, online only).
Outcome measure III: Stent placement completion
angiography and necropsy measurement. The objective
in the ﬁnal outcome measure was to evaluate stent place-
ment performance. Necropsy was immediately performed
to reveal the abdominal aorta. The proximal stent edge
was identiﬁed visually and by palpation to ﬁnd its location
in situ. The distance to each stent target position was
measured with a millimeter ruler. The aorta was then
partially dissected to conﬁrm stent location; results were
recorded and photographed (Fig 8; Table II).
AB
Fig 5. A, Thin solid black trace represents ultrasonic-based local-
ization system (ULS) position data. Thick dashed red trace repre-
sents temporally and spatially registered ﬂuoroscopy-derived
position data, both plotted against time. Only position along
principal axis of motion is shown for clarity (orthogonal axis
omitted). B, Magnitude of error between ULS data and
ﬂuoroscopy-derived coordinates.
Table I. Error magnitude statistics describing differences
between ultrasonic-based localization system (ULS) and
ﬂuoroscopy-derived tracking positions for four trials
Trial
Two-dimensional error
magnitude, mm
Duration,
seconds
Distance,
cmMean Median Max
1 0.8669 0.6036 8.1567 35.9 9.1
2 0.757 0.5836 4.9541 40.9 9.5
3a 1.136 1.034 3.778 21.0 5.0
4 0.767 0.536 4.431 41.8 9.3
Overall 0.8451 0.6258 8.1567 139.6
aTrial 3 was truncated because of a data buffering error.
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Outcome measure I: ULS vs ﬂuoroscopic tracking.
Fig 5, A shows the registered position-vs-time traces for
ﬂuoroscopy and ULS catheter tracking for a single trial. For
clarity, only the axis of the principal direction of motion is
displayed. The stepped appearance reﬂects the fact that the
surgeon advanced the ULS catheter in roughly 5-mm steps
every 3 seconds. Fig 5, B, illustrates the magnitude of differ-
ence between the ULS- and ﬂuoroscope-derived 2D coor-
dinates. Agreement between the two tracking systems is best
between the 15- and 35-second timemarkings,which iswhen
the catheter tip is traveling through roughly the center of the
ULS sensor array and the center of the ﬂuoroscope ﬁeld of
view. Table I summarizes the overall statistics comparing the
accuracy of the ULS and ﬂuoroscopy in tracking catheter
movements in the aorta. A total of 139.6 seconds of data are
analyzed to yield an overall mean 2D correspondence of 0.85
mm between the ULS and ﬂuoroscopy. Note that only this
outcome measure compares the ULS against ﬂuoroscopy;
subsequent outcome measures do not use ﬂuoroscopy for
validation.
Outcome measure II: Video playback and center-
line analysis. Fig 6 shows the ULS-tracked coordinates of
the catheter for each trial plotted with the corresponding
portion of the CT aorta centerline image. The tracked pathsdo not appear straight, but exhibit variations after each
advance, likely caused by recoil of the catheter and tissue-
entry site after the surgeon released the force to advance the
catheter. The separate paths track together, suggesting
reproducibility. Fig 7 shows the distribution of distances
between all tracked coordinates and the centerline of the aorta
based on the CT aorta centerline image. The mean 3D
straight-line distance between each tracked ULS coordinate
and the centerlinewas 3.296 1.24mm.More than 98% of all
tracked coordinates of theULS catheter tipwerewithin 6mm
of the image centerline, which was the radius of aorta. This
suggests that during the procedure, the ULS catheter was
displayed outside the aorta lumen less than 2% of the time.
Outcome measure III: Stent placement completion
angiography and necropsy measurement. Fig 8 com-
prises photographs of the abdominal aorta after stent
deployment and necropsy. Table II summarizes the results
for the three stent deployments. One stent (stent 1) was
deployed in the ﬁrst experiment using the lower edge of the
inferior right renal artery as the target position; two stents
(stent 2, stent 3) were deployed in the second experiment
using the lower edge of the superior mesenteric artery and
the superior right renal artery as target positions, respectively.
Stent 1 landed inferior to the target position. Stents 2 and 3
landed superior to the target, thus occluding the target vessel.
The errors ranged from 5.0 mm inferior to the target vessel
to 7.9 mm superior, with a mean absolute error of 6.43 mm.
DISCUSSION
Multimodality image-guided surgery merges separate
but complementary imaging technologies. Surgical localizers
can provide real-time information on an instrument’s 3D
location within the body. Localizers do not provide imaging,
but rather instrument position used in conjunction with
image data to navigate surgical procedures.18 Two types of
commercially available surgical localization systems are based
on optical or electromagnetic technology. Optical localizers
require a clear line of sight between video cameras mounted
above the surgical workspace and the tool and, therefore, do
not provide a viable solution for tracking catheters.
Electromagnetic systems use a remote transmitter to
create electromagnetic ﬁelds within the tracking volume.
Fig 6. Three-dimensional (3D) volume rendering of computed
tomography (CT) image showing swine abdomen with relevant
anatomy labeled. Aorta centerline is shown in red. Ultrasonic-
based localization system (ULS)-tracked coordinates are shown
in green and black. Nipplelike structures are electrocardiograph
leads attached as ﬁducial landmarks. L, Left; R, right; SMA,
superior mesenteric artery.
Fig 7. Distribution of distances between tracked points and aorta
centerline. Mean distance to centerline was 3.3 mm. Aorta radius
in vicinity of tracking was 6 mm, suggesting that the tool appears
inside the aorta 98% of the time.
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based on the strength of the detected electromagnetic
ﬁelds. However, past ﬁndings show that error increases in
the presence of ferrous metals, which perturb the electro-
magnetic ﬁelds. Issues pertaining to tracking accuracy in
the face of dynamic C-arms and metal interference havebeen investigated.19,20 Various swine studies using an elec-
tromagnetic system in conjunction with preoperative CT
images have demonstrated 5- to 6-mm navigation accu-
racy.21-23 Electromagnetic tracker companies continue to
make improvements, and recent results have encouraged
continued research. Electromagnetic technology has seen
commercial adoption, marketed as a means to reduce
contrast dose.24 Nonetheless, no electromagnetic solution
is deemed the standard of care in abdominal procedures.25
The basic design of our ULS mimics the concept of
a satellite global positioning system. Ultrasonic signals
provide only positioning and not ultrasound imaging. Our
in vivo investigation of the ULS demonstrates its feasibility
as well as the many challenges ahead for virtual image-
guided endovascular procedures, which we discuss below.
In swine as well as humans, bowel gas and feces obstruct
ultrasonic signal propagation between the abdominal aorta
and the anterior surface. Our previous experience placing
ultrasound sensors on the anterior abdomen failed to
provide adequate acoustic access to the abdominal aorta.26
CT images suggested that acoustic access could be achieved
with a retroperitoneal approach. If sensors are placed on the
posterior surface, ultrasonic signals need only propagate
from the abdominal aorta through relatively uniform tissue
composed predominantly of retroperitoneal muscle and
fat. Importantly, this approach avoids any gas or fecal matter
interference.
Given our chosen retroperitoneal sensor placement, our
in vivo data (Figs 4 and 5; Table I) showed that for ﬁne
catheter movements within a 10-cm portion of the abdom-
inal aorta, the overall mean 2D correspondence between the
ULS and single-plane ﬁxed ﬂuoroscopy was better than 0.85
mm. Because this particular measure compared the ULS
against single-plane 2D cine ﬂuoroscopy, it did not assess
the accuracy of the third ULS coordinate axis. Future
work using an articulating C-arm or biplane ﬂuoroscope
would be able to provide the third ﬂuoroscopic coordinate
axis for 3D comparison.
Besides ultrasonic acoustic access issues, our main chal-
lenge lies in registration. Registration is the process of align-
ing the patient with separate imaging or tracking devices into
the same spatial frame of reference. Stereotactic abdominal
interventions have faced registration difﬁculties because
the abdominal cavity is mostly soft tissue; there is no rigid
frame. Consequently, a CT image becomes a less accurate
spatial representation of the patient once he or she moves.
One attempt to address this has been to use cone-beam
CT, where the patient imaging and surgery take place on
the same operating table,22 and so the patient remains
stationary between image acquisition and surgery. Our
approach was to obtain preoperative CT images in a custom
immobilizer ﬁtted to the animal to minimize registration
errors at the time of the endovascular procedure. Because
the abdominal aorta remains relatively ﬁxed in relation to
the spine, we posit that reproducing the position of the spine
could reproduce aortic positioning. Nonetheless, registra-
tion and validity of the static preoperative image during
the procedure remain an open concern.
Fig 8. A, Necropsy exposing abdominal aorta with stent in situ and ruler indicating stent landing zone. B, Partially
dissected abdominal aorta exposing stent. Inf, Inferior; L, left; R, right; Sup, superior.
Table II. Stent deployment-to-target distances for three
stents
Stent no. Target
Distance,a
mm
1 Pig 1, right renal artery 5.0
2 Pig 2, right superior renal artery þ7.9
3 Pig 2, superior mesenteric artery þ6.4
Mean absolute
error
6.43
aNegative values indicate that the stent landed inferior to the target vessel,
and positive values indicate that the stent landed superior, thereby
occluding the target vessel.
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the lumen of the aortic image depends strongly on registra-
tion between the ULS, the CT data, and the animal. We
analyzed the distances between the recorded ULS coordi-
nates and the registered centerline of the aortic lumen CT
image (Figs 6 and 7). In this study, the ULS coordinates
tracked within lumen of the aorta image 98% of the time,
as calculated by the proportion of points within a 6-mm
radius of the aorta image centerline. Although these results
were positive, investigating centerline tracking along
a tortuous or branched vessel would provide greater insight
into the accuracy of patient-image registration. For example,
measuring the distances of tracked points to a straight-tube
centerline yields little indication of axial registration error.
Ultimately, future work establishing the system’s in vivo
target registration error, which is the de facto standard
metric for image-guided surgery, will be necessary to
proceed.27
We placed three stents using only theULS to identify the
target position with an error range of 5.0 to þ7.9 mm.
Although insufﬁcient for clinical applications, our accuracy
was in line with previous studies using a variety of localizers.
A signiﬁcant limitation of our current system is that the ULS
catheter is separate from the stent delivery system. Conse-
quently, stent deployment relied on a proxy measurement:the ULS catheter was ﬁrst navigated to the target position,
and the distancewas transferred to the stent delivery catheter,
which was subsequently reintroduced. This step introduced
numerous opportunities for error and is not practical for
clinical use. Future work is required to miniaturize the
ULS catheter and to integrate it with the stent delivery cath-
eter. This will enable direct ULS virtual navigation of
the delivery catheter on the 3D CT images during stent
deployment.
Additional concerns remain regarding use of the ULS in
living humans. A large total contact area between the sensors
and the patient skin coupled with ultrasound gel would be
impractical and could have repercussions for patient core
temperature and electrosurgery. In future work, various
thermally and electrically nonconductive materials such as
conformable rubberlike gels and water bags can interface
the sensors with the patient. These materials would achieve
acoustic coupling while thermally and electrically isolating
the ULS from the patient. Electrosurgery would still require
proper grounding pad practices.CONCLUSIONS
We have demonstrated the feasibility of a potential
adjunct to ﬂuoroscopy using an ultrasonic-based localizer
to guide stent graft deployment in endovascular aneurysm
repair. The in vivo data show that the ULS has 2D accuracy
comparable to that of ﬂuoroscopy. A custom patient immo-
bilizer incorporating retroperitoneal sensor placement is
crucial for reproducing patient positioning and acoustic
access to the abdominal aorta, respectively. Surgeons can
use virtual endoluminal and 3D CT views for stent posi-
tioning. Positive clinical outcomes will depend on robust
patient-image registration. With continuous technical
improvement to our system, we plan further in vivo experi-
ments to ﬁne-tune its clinical applicability. Given the results
demonstrated in this article, the wide application of
ultrasonic-based localization may have signiﬁcant impact in
the clinical practice of endovascular intervention.
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